NUDC is a highly conserved protein important for nuclear migration and viability in Aspergillus nidulans. Mammalian NudC interacts with Lis1, a neuronal migration protein important during neocorticogenesis, suggesting a conserved mechanism of nuclear movement in A. nidulans and neuronal migration in the developing mammalian brain (S. M. . To further investigate this possibility, we show for the first time that NudC, Lis1, and cytoplasmic dynein intermediate chain (CDIC) colocalize at the microtubule organizing center (MTOC) around the nucleus in a polarized manner facing the leading pole of cerebellar granule cells with a migratory morphology. In neurons with stationary morphology, NudC is distributed throughout the soma and colocalizes with CDIC and tubulin in neurites as well as at the MTOC. At the subcellular level, NudC, CDIC, and p150 dynactin colocalize to the interphase microtubule array and the MTOC in fibroblasts. The observed colocalization is confirmed biochemically by coimmunoprecipitation of NudC with CDIC and cytoplasmic dynein heavy chain (CDHC) from mouse brain extracts. Consistent with its expression in individual neurons, a high level of NudC is detected in regions of the embryonic neocortex undergoing extensive neurogenesis as well as neuronal migration. These data suggest a biochemical and functional interaction of NudC with Lis1 and the dynein motor complex during neuronal migration in vivo.
NUDC is a highly conserved protein important for nuclear migration and viability in Aspergillus nidulans. Mammalian NudC interacts with Lis1, a neuronal migration protein important during neocorticogenesis, suggesting a conserved mechanism of nuclear movement in A. nidulans and neuronal migration in the developing mammalian brain (S. M. . To further investigate this possibility, we show for the first time that NudC, Lis1, and cytoplasmic dynein intermediate chain (CDIC) colocalize at the microtubule organizing center (MTOC) around the nucleus in a polarized manner facing the leading pole of cerebellar granule cells with a migratory morphology. In neurons with stationary morphology, NudC is distributed throughout the soma and colocalizes with CDIC and tubulin in neurites as well as at the MTOC. At the subcellular level, NudC, CDIC, and p150 dynactin colocalize to the interphase microtubule array and the MTOC in fibroblasts. The observed colocalization is confirmed biochemically by coimmunoprecipitation of NudC with CDIC and cytoplasmic dynein heavy chain (CDHC) from mouse brain extracts. Consistent with its expression in individual neurons, a high level of NudC is detected in regions of the embryonic neocortex undergoing extensive neurogenesis as well as neuronal migration. These data suggest a biochemical and functional interaction of NudC with Lis1 and the dynein motor complex during neuronal migration in vivo. Key words: NudC; Lis1; dynein; dynactin; centrosome; neuronal migration NudC was first identified as a nuclear distribution (nud) gene that regulates nuclear movement in the filamentous fungus Aspergillus nidulans (Osmani et al., 1990; Morris, 2000) . In Aspergillus, nudC is required for nuclear distribution, cell wall deposition, colony growth, and viability (Osmani et al., 1990; Chiu et al., 1997) , and it functions, at least in part, by regulating the levels of another nud gene product, NUDF. Mutations in a single allele of the human nudF homolog, LIS1, result in lissencephaly, a severe malformation of the cerebral cortex (Reiner et al., 1993) . Lissencephaly patients display aberrant cortical lamination and lack the gyri and sulci evident in the normal adult brain. Genetic studies in both human and mouse show that Lis1 is required for migration of neuronal progenitors through the embryonic intermediate zone (IZ) to the cortical plate (CP) (Wynshaw-Boris and Gambello, 2001 ). Lis1 may also be involved in the commitment of neuronal progenitors by influencing cleavage orientation in the embryonic ventricular zone (VZ) (Faulkner et al., 2000) . The structure of Lis1, a coiled-coil domain followed by seven WD40 ␤-transducin-like repeats, suggests that it may be involved in protein-protein interactions. Lis1 interacts biochemically with several gene products of the nud pathway in mammals, namely cytoplasmic dynein (Faulkner et al., 2000; Smith et al., 2000) , mNudE (Efimov and Morris, 2000; Feng et al., 2000) , and mNudeL Sasaki et al., 2000) . Although its precise mechanism of action remains unknown, Lis1 has been shown to regulate dynein motor function (Faulkner et al., 2000; Smith et al., 2000) and is suggested to play a role in neuronal migration (Feng and Walsh, 2001; Vallee et al., 2001; WynshawBoris and Gambello, 2001) . We showed previously that NudC forms a complex with Lis1 by coimmunoprecipitation from mouse brain extracts and by yeast two-hybrid and GST pull-down assays (S. M. . We and others have proposed that the NudC/Lis1 complex participates in the development of the mammalian cortex (N. R. S. M. Morris et al., 1998) .
Recent studies colocalized Lis1 and cytoplasmic dynein intermediate chain (CDIC) in the VZ of embryonic day (E) 13 brain and showed high Lis1 expression in the CP and marginal zone , consistent with a role for these proteins in both the generation and migration of neuronal progenitors in the developing cerebral cortex. Because NudC and Lis1 genes are coexpressed in the VZ of the forebrain and in the CP at the same embryonic stages (S. M. , we sought to determine whether NudC is also involved in embryonic brain development. We also investigated for the first time the association of NudC with Lis1 and components of the dynein molecular motor in cultured neurons and by coimmunoprecipitation in mouse brain extracts. These studies place NudC in a Lis1/dynein/dynactin complex that suggests a crucial role for the motor complex during corticogenesis and neuronal migration.
MATERIALS AND METHODS
Cell culture. C erebellar tissue was obtained from 4 -8 d postnatal mice, dissociated, and either plated directly (to obtain neurons with stationary morphology) or allowed to form reaggregated cell clusters (to obtain neurons with migratory morphology) (Bix and C lark, 1998) . After 24 -36 h of neurite outgrowth and neuronal migration, cerebellar granule cells were fixed in 4% paraformaldehyde and processed for antibody labeling. Cortical neurons were isolated from E15 rat embryos, plated at low density onto laminin-coated four-well slides (Becton Dickinson, Mountain View, CA), and cultured in Neurobasal supplemented with B-27, Penn-Strep/glutamine (Life Technologies, Gaithersburg, MD), and 5 mg /ml glucose for 2 d to extend neurites. Mouse embryonic fibroblasts from 129Sv mice and C OS-1 cells were grown in Opti-M EM II (Life Technologies) with 4% FBS and plated at low density on poly-D-lysinecoated coverslips (Boehringer Mannheim, Mannheim, Germany).
Immunoc ytochemistr y. Brain sections were deparaffinized, rehydrated, heated to 100°C for 20 min in 10 mM sodium citrate, pH 6, blocked with horse serum, and incubated with two affinity-purified anti-NudC antibodies, one directed against a C -terminal oligopeptide and the other against a maltose binding protein -NudC f usion protein (MBP-NudC) . The specificity of NudC staining was shown by staining with secondary antibody alone and by a 2 h preincubation of anti-NudC with an excess of NudC C -oligopeptide (immunogen) before the antibody was applied to slides. Slides were then incubated with biotinylated secondary antibodies generated against the appropriate species (Vector Laboratories, Burlingame, CA) and visualized by the addition of avidin -FI TC conjugate (for NudC) according to manufacturer's protocol. For double-staining experiments, slides were first stained with anti-NudC, blocked with a biotin blocking solution (Vector Laboratories), and incubated with goat anti-Lis1 (a gift of Dr. Gregor Eichele, Baylor College of Medicine), anti-␣ tubulin (DM1A; Sigma, St. L ouis, MO), anti-␤III tubulin (T uJ1; Babco, Richmond, CA), anti-␥ tubulin (GTU-88; Sigma), anti-p150 dynactin (150.1; Transduction Laboratories, Lexington, K Y), or anti-CDIC antibodies (74.1; Babco). To extract soluble proteins from fibroblasts, cells were treated for 1 min at 4°C in PEM (80 mM K-PI PES, pH 6.8, 5 mM EGTA, pH 7.0, 2 mM MgC l 2 ), 0.5% Triton X-100, and 4% (w/ v) polyethylene glycol-6000 and fixed at 4°C in PEM /4% formaldehyde for 20 min. Slides were mounted in Vectashield (Vector Laboratories) containing 4Ј,6 diamidino-2-phenylindole (DAPI) and photographed using a triple-band (red /green / blue) emission filter in conjunction with single, double, or triple ( yellow, blue, and ultraviolet) excitation bands.
Laser confocal imag ing. Confocal images were acquired using a Fluoview FV300 confocal laser scanning unit mounted on a BX50W I fixed stage upright microscope (Olympus America Inc., Melville, N Y). Z-series image stacks of 10 -11 steps were acquired in 0.7 or 1 m increments. Images were processed using both Fluoview and Adobe Photoshop 5.5 (Mountain View, CA) software.
Coimmunoprecipitation assay. Brains from adult 129Sv mice were homogenized in 50 mM Tris, pH 7.4, 150 mM NaC l, 2 mM EDTA, 0.1% N P-40, 2.5% glycerol, and a protease inhibitor mixture (Sigma). T wo milligrams of brain extract were incubated with either 5 g of rabbit immunoglobulin (Vector Laboratories) or 5 l of monoclonal anticytoplasmic dynein heav y chain (CDHC) antibody (440.1; Sigma) that had been preadsorbed to protein G-Sepharose beads (Amersham Pharmacia, Arlington Heights, IL). Antigen -antibody complexes were resolved on a 10% SDS-PAGE gel, transferred to poly vinylidene difluoride membranes (Bio-Rad, Hercules, CA), and immunoblotted using a mixture of anti-NudC and anti-CDIC antibodies.
RESULTS

Colocalization of NudC with Lis1, dynein, and the microtubule organizing center facing the leading pole of cerebellar granule cells with a migrating morphology
Neonatal cerebellar granule cells have proven useful to study neuronal migration at the cellular level in vitro (Rivas and Hatten, 1995) . In this assay, dissociated mouse cerebellar granule cells are allowed to form reaggregate clusters in suspension. Plating the clusters on laminin-coated slides results in the extension of radial neurites on which granule cells migrate as determined by timelapse microscopy (Edmondson and Hatten, 1987; Bix and Clark, 1998) . To substantiate the hypothesis that NudC forms a complex with Lis1 and the dynein motor in migrating neurons, P8 granule cell clusters cultured under these conditions were stained pairwise for NudC versus microtubules, CDIC, and Lis1. In cells with a migrating morphology, NudC is localized in neurites and neurite tips (Fig. 1 A) . In the soma, NudC is found polarized on one side of the nucleus (Fig. 1 A, D,G) . The polarized fraction of NudC colocalizes with ␣-tubulin, CDIC, and Lis1 ( Fig. 1 B, E,H) and is in a region of the soma that also contains the microtubule organizing center (MTOC) (Fig. 1C, F, I ). In migrating cerebellar granule cells, the MTOC is rostral to the nucleus and oriented toward the leading pole, in the direction of migration (Rivas and Hatten, 1995) . Additionally, the filamentous pattern of NudC, Lis1, and CDIC staining surrounding the nucleus is reminiscent of the reported "cage-like" microtubule network encompassing the soma in migrating cerebellar granule cells (Rivas and Hatten, 1995) .
In bipolar (stage III) cerebellar granule cells cultured under conditions in which migration does not occur, NudC immunoreactivity is detected throughout the soma (Fig. 1 J) and overlaps with that of CDIC in a polarized manner on one side of the nucleus (Fig. 1 L) in the region of the MTOC. In E15 cortical neurons cultured under conditions that allow neurite outgrowth, NudC staining occurs at the neurite tips, is diffuse throughout the soma, and colocalizes with tubulin at a perinuclear region directly adjacent to the nucleus where the MTOC is located (Fig. 1 M, N ) . These results show that in neurons with stationary morphology, a fraction of cellular NudC localizes to the region of the MTOC, whereas in cells with a migrating morphology, NudC, CDIC, and Lis1 colocalize at the MTOC facing the leading process.
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of cerebellar granule cells with a migratory morphology. J-L, Primary cerebellar granule and glial cells were stained with anti-NudC and anti-CDIC. J, NudC immunoreactivity is detected diffusely in the soma (asterisk), neurites, and neurite tips (arrowhead). K, Immunoreactivity against CDIC occurs predominantly in neurites and is highly polarized on one side of the nucleus (arrow). L, NudC staining overlaps with CDIC on one side of the nucleus, whereas colocalization is less evident in the rest of the cell. M, N, Primary cortical neurons were prepared from E15 rat embryos. NudC immunoreactivity is evident throughout the soma and in neurite tips (arrows). Costaining with antibodies directed against ␤III-tubulin (red) indicates neurite processes. NudC and ␤III-tubulin colocalize ( merge; yellow) in a region around the MTOC (arrowhead). Scale bar, 20 m.
NudC is expressed throughout the embryonic neuroepithelium
We demonstrated previously that NudC and Lis1 are coexpressed in embryonic neuroepithelium and that NudC and Lis1 are found as a biochemical complex in brain extracts in vivo (S. M. . Furthermore, we and others have shown that NudC expression is upregulated in proliferating cells and in tissues with high mitotic indices Gocke et al., 2000) . The nuclei of VZ neuronal progenitors undergo a characteristic oscillatory movement as they progress through the cell cycle (Chenn and McConnell, 1995) . We therefore hypothesized that NudC expression would be high in the VZ, where nuclear migration and proliferation are coupled. Immunostaining of E13.5 brain sections with anti-NudC antibodies revealed widespread NudC expression throughout the neuroepithelium of the lateral ventricle (Fig. 2C,D) . Additionally, a thin band of immunoreactivity is observed at the VZ of the lateral ventricle (Fig. 2 D) . By E15.5, NudC is expressed in the VZ, IZ, and CP but is expressed more abundantly in the MZ of the neocortex (Fig. 2 F, G) . To confirm the pattern of NudC staining in the neocortex, an antibody generated against an MBP-NudC fusion protein was used to stain adjacent sections (Fig. 2O) . A similar distribution of NudC was observed. The specificity of NudC staining is shown by staining with either secondary antibody and fluorochrome alone (negative control) (Fig. 1 A, B, E, N ) or by preincubating anti-NudC with excess immunogen before applying the antibody to the slide. All staining was successfully competed (data not shown). The expression pattern of NudC in the neocortex is similar to that described for Lis1 and CDIC . These data indicate that NudC is expressed at the same developmental stages in the embryonic brain as Lis1 and CDIC and are consistent with our interpretation that NudC plays an important role during . C, NudC staining overlaps with that of CDIC on the interphase microtubule array (arrow) but not at the cell periphery (arrowhead). D, Extracted cells were stained with anti-NudC as in A and costained with anti-p150 dynactin (red) (E). F, Merging NudC and dynactin shows colocalization on interphase microtubules, on peripheral foci (arrowheads), and at the MTOC (arrow, enlargement in top right). G, NudC localization at the MTOC (arrow) in COS-1 cells is confirmed by double staining using anti-NudC ( green) and anti-␥-tubulin (red). NudC is again observed at focal sites at the periphery (arrowheads). Nuclei are indicated by DAPI counterstain (blue). H, Unextracted fibroblasts show diffuse cytoplasmic staining with enrichment at the Golgi apparatus (arrow) . Scale bar, 10 m. I, Cytosolic extracts from mouse brain were immunoprecipitated with 5 l anti-CDHC (lane 1) or with 5 g rabbit IgG (lane 2), followed by immunoblotting with both anti-CDIC and anti-NudC. A specific complex is detected among CDHC, CDIC, and NudC (lane 1), but not with rabbit IgG (lane 2). neurogenesis in the VZ and in neuronal migration in the IZ and CP.
NudC is expressed in the choroid plexus and in ependymal cells
Two additional areas of the developing brain show NudC immunoreactivity, including the choroid plexus (Fig. 2 J, K ) and ependymal cells lining the central canal of the spinal cord (Fig.  2 L, M ) . The choroid plexus is composed of columnar epithelium rich in microvilli and is responsible for the production and secretion of cerebrospinal fluid. NudC expression in the choroid plexus agrees with data reported by others (Gocke et al., 2000) and with our previous suggestion that NudC is involved in polarized cell function and secretion . Ciliated ependymal cells are responsible for circulating cerebrospinal fluid in the ventricles and central canal of the CNS. NudC is highly expressed in ependymal cells and is enriched at the apical aspect of the cell (Fig. 2 M) , where NudC may be involved in ciliary motility (Gocke et al., 2000) . Interestingly, Lis1 is also expressed in human embryonic ependymal cells (Clark et al., 1997) .
NudC colocalizes with dynein/dynactin on the interphase microtubule array
To further examine the subcellular localization of NudC in relation to dynein, fibroblasts were treated briefly with detergent to extract soluble proteins. NudC and CDIC stain brightly in a filamentous pattern adjacent to the nucleus and at the MTOC (Fig. 3A-C) . Similarly, NudC colocalizes with the dynein regulator, p150 dynactin, on the microtubule array and at the MTOC (Fig. 3D-F ) . The presence of NudC at the MTOC was confirmed by colocalizing NudC with ␥-tubulin (Fig. 3G ). An unextracted cell (Fig. 3H ) shows the characteristic cytosolic and predominant Golgi staining as reported previously . Interestingly, foci of NudC staining remain at the cell cortex after detergent extraction (Fig. 3 A, D,G) , suggesting that a portion of cellular NudC is associated with the cortical cytoskeleton. Only p150 dynactin but not CDIC colocalized with NudC at focal sites (Fig. 3, compare C, F, arrowheads) . These data provide the first evidence at the subcellular level that NudC colocalizes with components of the dynein motor and microtubules in neurons and fibroblasts and that NudC is found at the MTOC as well as at discrete foci at the cell periphery.
NudC immunoprecipitates with dynein components
To confirm that a biochemical interaction occurs between NudC and components of the dynein molecular motor, we performed coimmunoprecipitation assays using mouse brain extracts. Both CDIC and NudC are specifically found in the CDHC immunoprecipitate (Fig. 3I, lane 1) and not in samples immunoprecipitated with unrelated antibodies (IgG) (Fig. 3I, lane 2) . This result demonstrates that a NudC/dynein complex can be detected in vivo.
DISCUSSION
Nuclear translocation and neuronal migration are two closely linked cellular events in the developing neocortex. We showed previously that two genes involved in nuclear movement and neuronal migration, NudC and Lis1, respectively, are coexpressed throughout the developing neuroepithelium by in situ hybridization (S. M. . By examining endogenous protein expression in E13.5-E15.5 brain, we showed that NudC is highly expressed in neuronal progenitors of the VZ, in migrating IZ and CP neurons, and in the MZ (Fig. 2C, D, F,G,O) . The expression profile of NudC overlaps with that of Lis1 and CDIC, which are highly expressed in neurons in the CP and MZ (Sasaki et al., 2000; Smith et al., 2000) . Recent reports also show that Lis1 interacts with dynein (Faulkner et al., 2000; Smith et al., 2000) , NudE (Feng et al., 2000) , and NudeL Sasaki et al., 2000) . Together, these observations show that the nud genes, which are genetically linked in a nuclear movement pathway in Aspergillus, encode proteins that function as a biochemical complex in multiple cell types and may play an important role during brain development. Interestingly, in addition to Figure 4 . Model for the cooperation of NudC, Lis1, and dynein in mediating nuclear transport in migrating neurons. NudC and Lis1 may be involved in targeting and regulating dynein function at the cell cortex ( A) or the interstitial junction ( B) at the leading pole of migrating neurons. The minus enddirected activity of dynein is suggested to pull the MTOC and the associated nucleus in the direction of migration. NudC, Lis1, and dynein may also be involved in tethering the nucleus to the MTOC and transporting it along microtubules ( C).
neuronal migration, Lis1 is suggested to play a role in neuroblast proliferation (Liu et al., 2000) and in spindle orientation during cell division (Dawe et al., 2001; Faulkner et al., 2000) , whereas NudC expression is observed in proliferating neuronal progenitors (this study), in cells induced to proliferate , and in tissues with high proliferative indices (Gocke et al., 2000) .
Functionally, Lis1 localizes to the cortex of Drosophila oocytes where it has been shown to act as a cortical anchor for dynein (Swan et al., 1999) . Similarly, NudC is highly enriched at the cell cortex of amphibian oocytes (Moreau et al., 2001) . In Caenorhabditis elegans blastomeres, dynactin is suggested to anchor dynein to cortical sites, and through the minus end-directed activity of dynein acting on astral microtubules, the associated centrosome and nucleus are transported to the cell cortex (Waddle et al., 1994; Reinsch and Gonczy, 1998) . Recent studies also show that Lis1 potentiates dynein/dynactin activity in a minus end-directed manner toward the centrosome, influencing the organization of microtubules as well as the distribution of the Golgi complex Wynshaw-Boris and Gambello, 2001 ). We envision an analogous mechanism for nuclear transport in migrating neurons (Fig. 4) , in which NudC and Lis1 anchor dynein along polarized microtubules at the leading pole, either at the cell cortex or along the interstitial junction between the migrating granule cell and the substratum (Rivas and Hatten, 1995) . By virtue of the minus end-directed movement of tethered dynein, the nucleus and its associated centrosome are actively pulled through the leading process. Furthermore, the colocalization of NudC, Lis1, dynein, and microtubules around the nucleus of migrating cerebellar granule cells proximal to the MTOC (Fig. 1) suggests that the complex may also be involved in tethering the nucleus to the centrosome, thus aiding in nuclear transport.
The precise mechanism of NudC action in neuronal migration as well as in polarized, secretory, or proliferating cells is unknown. However, given the important role for dynein in vesicular transport and in chromosomal attachment to mitotic spindles during mitosis, and the recent demonstration that Lis1 regulates dynein assembly and function Vallee et al., 2001; Wynshaw-Boris and Gambello, 2001) , we suggest that NudC is a regulatory component of the dynein motor complex. Our findings therefore offer new insights into the molecular functions of NudC and provide a framework from which to test the function of NudC as a novel component of the Lis1/dynein motor complex involved in neurogenesis, neuronal migration, and brain development.
